• Low birth weight, high Igf1 methylation and low-salt maternal diet are related.
Introduction
Insults that occur during sensitive or critical periods development, such as during fetal and/or early postnatal life, can program permanent changes in the structure and function of cells, tissues and/or organ systems. This phenomenon is called "programming" and can be evaluated by several experimental protocols in laboratory animals [1] .
A previous study from our group demonstrated that the intake of a low-salt diet during the perinatal period induces a low birth weight in males and females and insulin resistance, elevated plasma cholesterol and triglycerides in adult male offspring. Insulin resistance was also detected in the mothers [2] , suggesting a possible mechanism of phenotypic transmission. The mechanisms responsible for the insulin resistance in the offspring and in the mothers that received a low sodium diet during the perinatal period have not yet been elucidated. In some studies, low-salt diets were offered to the animals prior to pregnancy until the end of lactation or only during pregnancy [2] [3] [4] [5] . It remains unclear when during the perinatal period a low-salt diet leads to adverse biological consequences in the offspring.
It is known that the main factors responsible for fetal growth are type 1 insulin-like growth factor (IGF1), type 2 insulin-like growth factor (IGF2) and insulin [6] . IGF2 is constitutively expressed [7, 8] . IGF1 acts through its receptor and, along with an adequate nutrient supply, is essential for fetal growth and development [9] . The regulation of IGF1 secretion and prenatal growth is performed by the glucose-insulin-IGF1 axis. The placenta transfers glucose to the fetus, which stimulates the secretion of insulin and determines the fetal secretion of IGF1. Insulin also promotes fetal growth via its lipogenic effect that is independent of IGF1 or via the direct stimulation of IGF1 [8, 10] . It is also known that the members of the IGF family contribute to pancreatic growth and differentiation [11] . Based on the above information, IGF1, IGF2 and insulin are good candidates for factors that may help explain the delay in fetal growth in response to alterations in fetal programming.
Increasing evidence supports a role for epigenetic mechanisms in explaining how such prenatal factors, including suboptimal nutrition during pregnancy, influence alterations early or late in postnatal life [12, 13, 14] . One example for epigenetic regulation is DNA methylation [15] . Prenatal and early postnatal factors have been linked to phenotypic changes later in life by alterations in epigenetic markers, which have a central role in determining the functional information that is stored in the genome [15] . Epigenetic alterations play a fundamental role in gene expression, particularly during embryogenesis. The consumption of a low sodium diet during pregnancy may produce different changes in the glucose and insulin metabolism of the offspring depending on the period in which it is consumed. This is based on the knowledge that, at least in mice, pancreatic embryogenesis begins on day 8 of gestation and continues up to 2 to 3 weeks after birth [11] . It remains unclear when during prenatal and early postnatal life a low-salt diet induces functional alterations in the offspring. A question that is raised is if the timing of the insult during the perinatal period is linked with the type of alterations observed in the offspring.
To identify the molecular events that link fetal programming with the resulting offspring phenotypes, we tested the hypothesis that maternal sodium restriction alters the methylation pattern of genes linked to glucose and insulin metabolism in the offspring and is correlated with the regulation of gene expression and offspring phenotype. This study also tested the hypothesis that growth factors, such as IGF1, are linked with alterations in birth weight induced by low salt intake during pregnancy. This study also led to the identification of critical periods during pregnancy, during which low salt intake produces metabolic alterations in the offspring.
Methods
All experiments were approved by the Committee on Ethics of the University of São Paulo School of Medicine, Brazil (certificate number 0949/09).
Maternal groups
All animals were housed in a room with a controlled temperature (22-24°C) and a 12-h light/dark cycle (with the lights on from 7 AM to 7 PM). They were given free access to food and water. Twelveweek-old female Wistar rats (n = 8-14/group) were housed individually and were mated with male Wistar rats. The positive identification of spermatozoids in the vaginal smear marked day 1 of pregnancy. The pregnant rats were divided in four groups: [1] those fed a low-salt (LS, 0.15%) diet from gestational day 1 to delivery, [2] those fed a normalsalt (NS, 1.3% NaCl) diet (Harlan Teklad, WI, USA) from gestational day 1 until delivery, [3] those fed a LS diet during the first (LS10 -days 0-10 of gestation) half of gestation and a NS diet for the second half of gestation, and [4] those fed a NS diet for the first half of gestation and a LS diet for second half of gestation (LS20 -days 11-21 of gestation). All diets had 25% protein content (Supplementary file - Table 1) . Body weight and food/water intake were evaluated at the first day of each week of gestation. The area under the curve (AUC) was calculated for the analysis of maternal weight gain during the first and third week of gestation. During lactation, all dams received a NS diet.
Offspring groups
Within the first 24 h of birth, litters were culled to 10 offspring, and any excess offspring were decapitated and had their organs excised. Only male offspring were evaluated in this study. The mean body weight of the offspring maintained for further evaluation was not different compared to that of the decapitated group. Trunk blood samples from the decapitated animals were pooled from the same litter (n = 4-8/pool). The weights of individual pups were measured weekly. The offspring of all experimental groups were fed a NS diet from the time of weaning until adulthood. The food and water intake were measured per cage once a week until the 20th week of age. Blood samples from 12-and 20-week-old animals were collected from the tail vein after six hours of fasting to measure the glucose, insulin, and Igf1 levels. Afterwards, the animals were decapitated, and their liver, muscle and all white adipose tissue pads were removed, weighed, frozen in liquid nitrogen and stored at −80°C until gene expression and DNA methylation analysis.
The adiposity index was expressed as the percentage of the sum of all white adipose tissue pads (gonadal, mesenteric, inguinal and retroperitoneal) in relation to body weight.
Hormones and biochemical assays
Glucose concentrations were determined using test strips analyzed by a blood glucose meter (Accu-Chek Active, Roche Diagnóstica, São Paulo, Brazil) with a detection limit of 10 to 600 mg/dL.
The serum levels of insulin were measured by radioimmunoassay using rat-specific kits (Millipore Corporation, Billerica MA -USA, Rat Insulin Cat. # RI-13K). Serum Igf1 was measured by an immunoassay method using micro beads conjugated to a specific antibody (Millipore Corporation, Billerica MA -USA, Milliplex Rat/Mouse IGF1 Cat # RMIGF18K; Luminex xMAP).
Glucose tolerance test
A glucose tolerance test (GTT) was performed in conscious animals of 12 and 20 weeks of age. For the GTTs, food was withdrawn 12 h before the start of the experiment and water was offered at will. Blood samples were obtained from small incisions made at the tail tip. The basal blood glucose was measured before the start of the experiment, and a 20% glucose solution (1 mL/kg body weight) was administered intraperitoneally. The blood glucose levels were determined 5, 15, 30, 60, 90 and 120 min after the glucose load was given.
HOMA-IR
Insulin resistance was assessed by the previously validated homeostasis model of assessment (HOMA-IR): [16] HOMA-IR = fasting glucose (mmol/L) × fasting insulin (μU/mL)/22.5.
Reverse transcriptase-quantitative polymerase-chain reaction (qRT-PCR)
The total RNA was extracted from 50 mg of each tissue using Trizol reagent (Invitrogen, California, USA) according to the manufacturer's instructions. Real-time quantitative polymerase chain reactions were performed using the Rotor-Gene SYBR Green PCR kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The 18S ribosomal RNA was used as a control. All PCRs were performed in duplicate using the Rotor-Gene Q 2 plex HRM (Qiagen, Hilden, Germany). Genespecific primer sequences are presented in Table 2 of the Supplementary files.
Genomic DNA, bisulfite modification and pyrosequencing
Genomic DNA was isolated and purified from 25 mg of frozen liver and muscle and 50 mg of frozen retroperitoneal adipose tissue using the DNeasy Blood & Tissue Kit® (Qiagen, Hilden, Germany) according to the manufacturer's protocol. DNA was modified with sodium bisulfite to convert unmethylated cytosine to uracil using the Epitec Bisulfite kit® (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The degree of cytosine methylation (%) was determined by pyrosequencing bisulfite-converted DNA using the PyroMark ID pyrosequencing system Q24 (Qiagen, Hilden, Germany). The best score pyrosequencing primers designed with PyroMark Assay Design were chosen (see Table 3 [5] annealing temperatures (Ins1, 61°C; Ins2, 59°C; Insr, 58°C; Igf1, 57°C) for 30 s, [6] step 5 for 45 cycles, 72°C for 30 s and 72°C for 5 min. The Igf1r reaction conditions were selected using the Gene Globe program (Qiagen, California, USA), and the reactions were performed according to the manufacturer's protocol (catalog number 978 746, Qiagen, California, USA). The sequencing reactions used 15 μL of PCR product and 13 μL of 0.3 μM specific sequencing primers and were run according to the instrument manufacturer's protocols (Qiagen, California, USA). For Igf1, the 5′-biotin modification is on the forward primer, whereas for Ins1, Ins2, Insr and Igf1r, the 5′-biotin modification is on the reverse primer.
Statistical analysis and calculations
The normality of the data was analyzed by the Kolmogorov-Smirnov and/or the Shapiro-Wilk tests. For normally distributed variables, differences between three or more groups were evaluated by one-way analysis of variance followed by a post-hoc test. Two-way analysis of variance followed by a Bonferroni post-hoc test was used to evaluate the weight change in the offspring over time and the blood glucose during the GTT. The area under the curve (AUC) was calculated for the GTT and maternal weight gain. A Pearson test was performed to calculate the correlation between the two variables. The results are expressed as the mean ± standard error of the mean (SEM). A p value b 0.05 was considered statistically significant. The software used for the statistical analyses was GraphPad Prism version 5.01 (GraphPad Software, Inc., California, USA).
Results

Maternal groups
No difference in body weight gain was observed among the experimental groups in the first week of gestation. Nevertheless, the AUC of the weight gain (g.week ) in the third week of gestation was impaired by a low salt intake during this period because it was lower in the LS (28 ± 2.3, n = 12) and LS20 (29 ± 1.9, n = 11) groups compared with the NS (46 ± 2.1, n = 8) and LS10 (47 ± 3.5, n = 12) groups. Food intake (g/week) was lower during the third week of gestation in LS20 (132 ± 6, n = 17) compared to LS10 (165 ± 8, n = 13). No correlation was found between the litter size and the maternal weight gain during pregnancy (r = 0.12, p = 0.46). The litter size, male-to-female ratio and water intake were not influenced by the amount of salt intake or the period of salt restriction during pregnancy. Although water intake was similar between groups, an increase in water consumption was observed throughout pregnancy (Supplementary file - Table 4 ).
Offspring groups 3.2.1. Newborns
Interestingly, the offspring with lower birth weight (g) (LS = 5.4 ± 0.07, n = 88 and LS20 = 5.3 ± 0.08, n = 60) compared to NS (6.6 ± 0.05, n = 65) and LS10 (6.6 ± 0.07, n = 77) were born from dams with lower increase in their body weight during the third week of gestation. This finding suggests that salt restriction during the second half of pregnancy impairs weight gain during the third week of gestation as well as newborn birth weight. Crown-rump length (cm) was also lower in the LS20 (4.8 ± 0.03, n = 40) animals than in the LS10 (5.0 ± 0.04, n = 44) and NS (5.02 ± 0.02, n = 48) animals. The crown-rump length was also lower in the LS (4.9 ± 0.02, n = 66), LS10 (5.0 ± 0.04, n = 44) and LS20 (4.8 ± 0.03, n = 40) animals than in the NS animals.
In newborns, the serum IGF1 was lower in the LS, LS10 and LS20 rats compared to the NS rats, but this difference did not reach statistical significance.
Lower Igf1 gene expression levels were observed in the livers of LS, LS10 and LS20 neonates compared with their NS counterparts ( Table 3) .
Reduced methylation was observed in the Ins1 and Igf1r genes in the livers of the LS10 neonates relative to the NS neonates. Reduced methylation in Ins2 and Insr was observed in the LS10 neonate livers compared to the LS and NS neonates, respectively. Increased methylation was detected in Igf1 in the LS and LS20 neonates compared to the NS and LS10 neonates (Table 4 ).
In the studied neonates, an inverse correlation (r = − 0.82, p b 0.0001) was observed between the Igf1 gene promoter methylation and birth weight in all experimental groups (Fig. 2) . Finally, a direct correlation (r = 0.56, p = 0.0094) between the birth weight and serum IGF1 levels was observed in the neonates (Fig. 2) .
12-week-old offspring
In the 12-week-old offspring, no differences were observed in the body weights among the groups, indicating that a catch-up growth phenomenon occurred during aging in the LS and LS20 offspring. No differences in food intake were observed in the groups from weaning to 12 weeks of age. The water intake in the LS20 offspring was higher from the third week until the 12th week of age compared to the NS and LS10 rats ( Table 1) .
The retroperitoneal white adipose tissue mass (WAT) in 12-weekold LS offspring was higher in the NS and LS10 animals but not in the LS20 offspring. The adiposity index was also higher in 12-week-old LS rats than in the other groups. These alterations were independent of food intake changes ( Table 1) .
The effect of a low prenatal salt environment on offspring insulin resistance varied according to the period of salt restriction during pregnancy. The HOMA-IR index was higher in 12-week-old LS rats compared with NS rats ( Table 2) .
The area under the curve of the GTT blood glucose was higher in the 12-week-old LS rats than in the NS and LS20 rats (Fig. 1) . Based on the area under the curve of the GTT, the 12-week-old offspring developed glucose intolerance in response to low salt intake during gestation (Fig. 1) .
In 12-week-old offspring, the serum IGF1 was higher in the LS group than in all other groups (Table 2) .
20-week-old offspring
In the 20-week-old offspring, a tendency for higher body weights was detected in LS and LS20 offspring, though it did not reach statistical significance. No differences in food intake were observed among the groups from 13 to 20 weeks of age. The difference observed in water intake in the LS20 offspring in the 12th week of age, was not observed from the 13th until the 20th week of age, indicating that the changes observed at any given time were not necessarily maintained throughout evolution ( Table 1 ).
The WAT in LS offspring was higher than in the other groups, though it did not reach statistical significance. Similar tendency for higher adiposity index was also observed in LS rats, although it did not reach statistical significance ( Table 1) .
The HOMA-IR index was higher in LS10 rats than in NS and LS20 rats (Table 2) . Interestingly, these results indicate that aging has a variable influence on insulin resistance according to the period in pregnancy during which the dams were fed a low-salt diet.
The area under the curve of the GTT blood glucose was higher in the LS rats than in the NS rats. Based on the area under the curve of the GTT, 20-week-old offspring developed glucose intolerance in response to low salt intake during gestation (Fig. 1) .
No differences in the serum IGF1 were found in the 20-week-old offspring (Table 2) .
Higher Igf1 gene expression levels were found in the muscles of LS20 rats compared to those of NS and LS rats, and higher Insr levels were detected in the LS20 rats compared with rats of all other groups. No differences were observed in the Ins1 and Ins2 expression among the groups in all ages and tissues (Table 3 ).
In the livers of male offspring, Ins1, Ins2 and Igf1r DNA methylation was higher in LS20 than in all other groups (Table 4 ). In the muscles reduced methylation was observed in the Ins2 and Insr of the LS10 offspring relative to the NS and LS20 offspring. No differences in the gene methylation were observed among groups in their white adipose tissue (Table 4 ).
Discussion
Several interesting and new findings reported here contribute to a better understanding of the effects of low salt intake during pregnancy on the dams and on the phenotypes of their neonate and adult offspring. First, our study revealed that the low birth weight observed in response to low salt intake during pregnancy reported in previous studies [2, 4, 5] was mainly due to salt restriction during the second half of pregnancy that corresponds to the period of most rapid growth and differentiation of key structures. Second, the fetal growth restriction, as noted by the smaller crown-rump length at birth, was found to be an effect of salt restriction during both the first and second halves of pregnancy. Third, glucose and insulin metabolism in the 12-week-old offspring was influenced only by low salt intake throughout the whole course of pregnancy. Fourth, the insulin resistance and glucose intolerance observed only in the 20-week-old offspring is an effect of low salt intake during the initial stages of pregnancy corresponding to the embryonic phase of development in the rat and period of organogenesis. In addition, the present study also provides evidence that IGF1 in newborns is modulated by epigenetic mechanism in response to low salt intake during pregnancy. It might underlie the altered offspring phenotypes in this model since growth and insulin sensitivity are modulated by hepatic IGF-1 [17] .
The experimental design of this study allowed identification of the period of pregnancy during which salt restriction induced alterations in the dams as well as metabolic alterations in the offspring described in previous studies from our group [2, 5] . An additional interesting finding of this study is that some of the observed alterations in the offspring induced by maternal low salt intake change along aging.
The lower weight gain observed in the third week of pregnancy in dams fed low-salt diets during either the whole or the second half of pregnancy cannot be explained by a lower food intake or a smaller litter size because no differences were observed in these variables between the experimental groups. It was reported that the maternal body weight on day 19 of pregnancy showed no differences between the NS and LS groups. However, the placental and fetal mass were lower in the salt restricted compared to the normal and high salt fed dams [18] . This finding supports the idea that the lower birth weight in the LS and LS20 offspring was a consequence of the maternal environment. The dams that were salt restricted during the second half of pregnancy generated offspring with lower birth weights and body lengths. Unlike fetal weight gain, fetal growth restriction as confirmed by a smaller Table 2 Serum IGF1 and HOMA-IR in the male offspring of dams fed a low-salt (LS) or normal-salt (NS) diet from the first day of gestation until delivery or an LS diet during the first (LS10) or second half of gestation (LS20). Data are presented as the mean ± SEM. All measurements in the neonates, except for the glucose determination, were performed in a pool of blood samples from 4 to 8 animals. Food and water intake evaluated once a week from the 3rd to the 12th week of life and from the 13th to 20th week of life. Body weight, adiposity index and retroperitoneal white adipose tissue (RP-WAT) mass in the male adult offspring of dams fed a low-salt (LS) or normal-salt (NS) diet from the first day of gestation until delivery or an LS diet during the first (LS10) or second half of gestation (LS20 crown-rump length was found to be an effect of low salt intake during both the first and second halves of pregnancy. The low birth weight observed in response to salt restriction in the second half of pregnancy may be a response to several conditions, such as maternal malnutrition, maternal hypoxia, low uterine perfusion, and impaired placental function. In a previous study, a low-salt diet during pregnancy was not observed to compromise uterine perfusion [18] . Maternal undernutrition can be excluded based on an absence of food intake differences between the experimental groups (Supplementary file - Table 4 ). The low salt intake in the second half of pregnancy does not explain the low birth weight observed in the LS and LS20 offspring, as it has been previously reported that the salt content of the low-salt diet is consistent with normal fetal development [19, 20] . Further observations that suggest an adverse effect of gestational salt restriction on LS and LS20 offspring included tail necrosis, a higher tendency of the dams to cannibalize their offspring and a higher rate of stillbirth (data not shown).
Several studies have reported the adverse effects of a phenomenon called catch-up growth [1, 21, 22] . Catch-up growth occurred in both groups born with low body weights. Therefore, certain alterations observed later in the life in offspring of LS and LS20 dams may be a consequence of catch-up growth. The higher adiposity index observed in the 12-week-old LS offspring could be a consequence of the catchup growth [23, 24] . However, although LS20 also exhibited catch-up growth, no increased adiposity index was observed in this group. An explanation for this finding is that catch-up growth occurred rapidly during the first postnatal week in LS offspring and only later in LS20 offspring. These results are consistent with the previous study of Tosh and co-workers that demonstrated that intrauterine growth-restricted offspring by maternal food restriction had shown lower offspring body weight, a delayed catch-up growth and absence of adult obesity. These findings suggest that the slower growth rate of the offspring is a protective factor in the development of other metabolic alterations, regardless of the period of maternal insult [25] .
Metabolic alterations in response to low salt intake during pregnancy were observed in the offspring beginning soon after birth and lasting until adulthood. The higher blood glucose levels in the LS20 neonates compared with the LS and LS10 neonates were most likely due to insulin resistance because the serum insulin was not different among the groups. An alternative explanation for the higher blood glucose seen in the LS20 neonates is the corresponding presence of a higher hepatic glycogen content. This higher hepatic glycogen store may be due to a lower energy expenditure, similar to what was found in adult rats fed with a low-salt diet [26] . This explanation is based on the knowledge that fetal glucose is mainly obtained from the mother and fetal insulin does not appear to be essential for maintaining euglycemia [27] . The fetus begins to accumulate hepatic glycogen during the second half of pregnancy. These glycogen stores are important in the period immediately after birth, when the supply of glucose from the mother is interrupted but lactation has not yet started, creating a fasting state in the newborn. During this time, glucose must be rapidly generated from endogenous sources, breaking the stocks of liver glycogen and beginning the process of gluconeogenesis [28, 29] .
Based on the blood glucose and area under the curve of the glucose tolerance test, 12-and 20-week-old offspring are glucose intolerant in response to a low salt intake throughout gestation in rats. This finding indicates that some but not all phenotype alterations in the offspring are a consequence of an insult that occurred only during whole gestation.
Based on the HOMA-IR results, insulin resistance was observed in the 12-week-old LS offspring. This result confirms the findings of our previous work in this field. Vidonho and co-workers [2] reported that 12-week-old male adult rats born from dams fed a low sodium diet from before gestation until the end of lactation are insulin resistant. However, insulin resistance was not observed in 20-week-old LS offspring indicating that changes in phenotype may occur during aging. The development of insulin resistance in the LS20 offspring was not observed, even though it was born with low body weight. This is an evidence that slower catch-up growth is a protective factor to the offspring. In 20-week-old offspring, insulin resistance was only observed in LS10. Further studies are therefore needed to determine if the observed insulin resistance was linked to the smaller crown-rump length observed in the LS10 newborns.
An interesting and new result in the pregnancy salt restriction model provided an explanation for the low birth weight observed in some of the experimental groups. The low birth weight may be due to lower serum IGF1, as a positive correlation was detected between these two parameters. A similar result was previously observed in a model of protein during pregnancy [6, 10] and intrauterine growth restriction [17, 25, 30] . The variation in the IGF1 serum levels may be due to changes in Igf1 gene promoter methylation, as an inverse correlation was observed between both parameters. This concept is supported by increased methylation (particularly of the promoter region of a gene) that is often associated with reduced gene expression as observed in Table 3 Gene expression (fold of 18S gene expression) of Ins1, Ins2, Insr and Igf1 in neonate and 20-week-old liver, muscle and retroperitoneal adipose tissue in the offspring of dams fed a low-salt (LS) or normal-salt (NS) diet from the first day of gestation until delivery or an LS diet during the first (LS10) or second half of gestation (LS20). this study. Other rat models of intrauterine growth restriction are also characterized by increase of methylation [17, 25] .
The results of gene expression and gene promoter methylation revealed two features. First, DNA methylation patterns are not immutable and can be modified early or late in the course of intrauterine development or throughout lifetime. Such modifications may be due to environmental stimuli or the cessation of a stimulus that occurred during the early stages of life. Second, the methylation of some of the gene promoters evaluated in the neonates revealed decreased expression levels in the LS10 group. This may be an indication of low salt intake during the early stages of pregnancy, when organogenesis is occurring and influences the establishment and maintenance of epigenetic marks and may be related to alterations in tissue-specific development.
The observed absence of Ins1 and Ins2 gene expression in the livers of adult offspring in the present study is consistent with previous findings by Murakami-Kawaguchi et al. [31] . These investigators also failed to detect Ins1 and Ins2 gene expression in the livers of mouse neonates [31] . In contrast, in the present study, Ins2 gene expression was detected in the livers of neonate rats. This difference may be due to differences between species.
In conclusion, the present study revealed that alterations in insulin resistance in adult offspring of dams fed low-salt-diet during pregnancy are related to the timing of this insult and the age of the offspring. In addition, glucose intolerance in adult offspring was observed only when a low-salt diet was offered throughout the whole pregnancy. Low birth weight is an effect of low salt intake only in the second half of pregnancy. Interestingly, alteration in the crown-rump length is a possible predictor of metabolic alterations in the offspring and the delayed catch-up growth prevented persistent epigenetic changes. A low birth weight is related to low Igf1 expression and high Igf1 methylation levels induced by low salt intake during pregnancy. Finally, it was demonstrated that the methylation of several promoters changed as the offspring aged indicating that epigenetic changes can occur and can be reversed during postnatal life. Finally, further studies are needed to confirm or not if the observed results are reproducible in human beings in order to recommend dietary salt consumption levels during pregnancy.
